~" The electrophysiological effects of cold-lesion edema and white-matter ischemia were studied in cats by reference to the short-latency somatosensory evoked response. The primary cortical waves were found to be considerably delayed following a period of white-matter ischemia; however, cold-lesion edema appeared to have no significant el~fect on the evoked response. The authors conclude that vasogenic edema does not interfere with axonal functioning by an ischemic mechanism.
C
EREBRAL edema occurs in two distinct forms. TM Cytotoxic edema occurs when a pathological process acts primarily on the cell, causing intracellular swelling due to interference with membrane-pumping activity? 1 Vasogenic edema results from damage to cerebral vessels, which permits the extravasation of a plasma ultrafiltrate into the surrounding extracellular space. It is this form of edema that is of greatest concern to the neurosurgeon, since it is thought to occur following head trauma, and often accompanies cerebral abscesses and neoplasms? ~ Vasogenic edema interferes with cerebral function by elevating intracranial pressure (ICP), and by exerting mass effect which produces cerebral herniation and compression of adjacent brain substance. Despite these secondary effects, however, it remains unclear whether the passage of plasma into the extracellular space of the cerebral white matter results in any direct impairment of cerebral function. It has been suggested that the increase in extracellular fluid that constitutes vasogenic edema might increase local tissue pressure and thereby interfere with local cerebral perfusion, 6a2a3 resulting in white-matter ischemia. This sequence of events has been hypothesized as the cause of electroencephalographic (EEG) changes seen in models of experimental edema. 7, 8 Marmarou, et al., ~5 however, found no decrease in regional cerebral blood flow when plasma was infused into the cerebral white matter. They concluded that edema per se does not result in regional white-matter ischemia, and that the passage of fluid through the extracellular space of white matter is a benign event, a5
The present study is an attempt to further resolve these issues. Cold-lesion edema was induced in a series of cats, and the short-latency somatosensory evoked response (SER) was employed to investigate electrical conduction through the affected white matter. A second series of animals was subjected to a period of white-matter ischemia and again the short-latency SER was used to evaluate axonal function.
Materials and Methods

Edema Experiments
Fourteen adult cats, weighing 2 to 4 kg, were anesthetized with an initial dose of 100 mg of intraperitoneal ketamine (Ketalar), which was supplemented throughout the experiment with additional doses of 1 mg intravenous ketamine. A tracheostomy was performed, and, after muscle paralysis with 0.5 mg pancuronium (Pavulon), the animals were artificially ventilated with room air to maintain ventilation parameters within the normal range. A cisternal needle was placed to monitor ICP, and a polyethylene catheter was introduced into the Effect of edema and ischemia on evoked responses femoral artery to monitor blood pressure* and to obtain arterial samples. Body temperature was measured by means of a rectal probe,t and kept at 37~ with a warming blanket. Each animal's head was placed in a stereotaxic head holder, and a large craniectomy was performed on the right side to avoid pathological increases in ICP and cerebral herniation. A second 1-cm circular craniectomy was placed over the left anterior ectosylvian gyrus for the cold lesion. Screw electrodes were placed epidurally over the left coronal and posterior sigmoid gyri 24a8 (Fig. 1) for recording the evoked response, which was obtained by delivering stimuli to the right median nerve through a pair of needles. Stimuli:]: were square-wave pulses of 1-msec duration, and intensity was adjusted to two to three times that necessary to obtain a threshold response. The frequency of stimulation was 2/sec. The recording system was adjusted to a band width of 1 to 10,000 Hz, and the output from the amplifierw was fed directly into a PDP-11 laboratory computer, II which averaged 200 responses. The evoked response was stored on magnetic discs, and later displayed graphically for analysis.
After a satisfactory baseline short-latency SER was obtained, 0.5 cc of 1% Evans blue solution was given intravenously, and a cold probe filled with liquid nitrogen ( -4 0~ was applied for 5 minutes epidurally over the left anterior ectosylvian gyrus. The lesion was placed so as not to damage the primary somatesthetic cortex but to ensure that the edema spread through the white matter comprising the thalamocortical radiation 24,~a (Fig. 2) . The shortlatency SER was repeated hourly for 6 hours following the lesion. At the end of this time, the brain was frozen in situ, and the location of edema was verified by visual inspection of coronal slices. Water contents in an identical series of experiments had been measured previously using vacuum desiccation, and water content was calculated to average 81.7% in edematous areas? constantly monitored. Tourniquets were placed around both carotid arteries carefully so as to avoid damage to the vagus nerves. Baseline short-latency SER's were obtained as previously described, except that the active electrode over the sensory cortex was referred to an indifferent electrode in the frontal sinus
Ischemia Experiments
Nine adult cats were anesthetized, ventilated, and monitored as described in the previous set of experiments. Polyethylene catheters were placed in both femoral arteries so that blood could be withdrawn into a large heparinized syringe while blood pressure was ( Fig. 3 ). An updated computer program allowed data to be displayed with a resolution of 5 points/msec. After a satisfactory set of baseline short-latency SER's was obtained, both carotid arteries were occluded and blood was slowly withdrawn until the EEG showed slowing or burst suppression (typically at a mean blood pressure of about 60 torr). Blood was then withdrawn or reinfused as necessary for a period of 15 minutes so that the EEG slowing remained constant. At the end of this time, the short-latency SER was repeated. The brains were then frozen in situ and
FIG. 3. S h o r t -l a t e n c y s o m a t o s e n s o r y evoked response in
white-matter ischemia. Electrode placement is shown, and two s u p e r i m p o s e d baseline studies are labelled according to the n o m e n c l a t u r e u s e d in Table 2 . A r r o w s h o w s a p r o n o u n c e d shift in latency seen in the primary cortical response during ischemia. In this figure, a positive potential applied to the g2 electrode results in an upward deflection.
submitted for biochemical analysis of white-and cortical gray-matter bioenergetic compounds by means of an enzymatic-fluorimetric technique. 25 27
Results
Edema Experiments
The primary cortical short-latency SER in the cat normally consists of a positive-negative sequence, thought to be thalamocortical and cortical in origin, 2,1~ which we have labelled P~ and N, (see Fig. 1 ). Our baseline latencies for these waves are in agreement with those reported previously, 2,1~ and are presented in Table 1 . Six hours after the cold lesion, at a time when considerable edema was present in the deep white matter, no significant change could be seen in the wave latencies (Table 1 ). In addition, no consistent effect of edema on wave amplitudes was found. However, the variability of amplitudes seen even in control animals made them a less useful measure of function than latencies. Intracranial pressure in these experiments never rose above 20 mm Hg.
lschemia Experiments
In addition to the cortical short-latency SER described above, different electrode placement and better resolution enabled analysis of a far-field potential in these experiments. This wave is of considerably shorter latency than the primary cortical response, and is thought by Iragui-Madoz and Wiederholt 11 to arise from the medial lemniscus. This wave has been designated Wave II following their nomenclature (see Fig. 3 ).
The effects of ischemia can be seen in however, a marked shift occurred in the primary cortical waves. The P~ wave, which appeared with an average latency of 10.1 msec during the control period, shifted to an average latency of 12.3 msec following the 15-minute period of ischemia (p < 0.004). The N~ wave was similarly shifted from 13.6 to 16.1 msec (p < 0.01). Biochemical analysis confirmed the presence of white-matter ischemia with relative sparing of the cortical gray matter as has been previously reported with this modeW (Table 3) . These data will be presented more fully in a separate report, but it can be seen in Table 3 that both adenosine triphosphate (ATP) and phosphocreatine (PCr) are lower in the white matter than in the cortex, and that lactate is higher.
Discussion
Several previous studies have attempted to assess the electrophysiological functioning of neurons in the presence of vasogenic edema. Pappius and McCann xS,x' used the cold-lesion model in eats, and found an increase in EEG slow-wave activity over the edematous hemisphere. There appeared to be no correlation between the extent of edema and the degree of EEG abnormality, however, suggesting that the edema did not directly give rise to the slowing. Further studies 7,8 have shown a clear relationship of EEG slowing to rises in ICP, and it seems likely that the electrical disturbances that have been observed with experimental edema are not directly related to the edematous process but are due to rises in ICP.
In the present study, we have used the cold-lesion edema model as described by Klatzo, et al. n, ~8 In an attempt to separate the direct effects of edema from those of increased ICP, we performed a large decompressive craniectomy so that ICP was not permitted to rise. We looked at the short-latency SER, which, unlike the EEG, has a firm anatomical basis. The pathway for the short-latency SER is well established, and follows the lemniscal tract to the VPL nucleus of the thalamus and then reaches the primary somatesthetic cortex via the thalamocortical radiations? Any process interfering with this conduction pathway would be expected to delay the conduction of a sensory stimulus, and result in a latency change in the cortically evoked short-latency SER. The fact that no delay occurred in the primary cortical waves (P1 and N1) with extensive white-matter edema suggests that when ICP is not permitted to rise, cold-induced edema does not interfere with axonal conduction. This conclusion is supported by the work of Penn/~ who failed to demonstrate abnormalities in the somatosensory evoked response in patients with extensive edema by computerized tomography.
In contrast to edema, however, it is clear that cerebral ischemia does interfere with neuronal and axonal function. Several authors have shown diminished amplitude of the primary short-latency SER cortical waves following a period of global cerebral ischemia, 4,5,9,14 and delayed latency has been described in a model using hemodilution to cause borderline ischemia? 6 A model recently described by O'Connor, et al., 17 however, allowed us to examine the effects of relatively pure white-matter ischemia on the evoked response. These authors demonstrated that, after a mild ischemic irisult in which EEG activity remained present, selective regional white-matter energy failure developed with relative sparing of cortex and deep gray-matter structures. Using this model, we have found a marked latency delay in the primary cortical wave, suggesting that ischemic white matter is unable to conduct electrical impulses normally. Wave II, which is thought to arise in the brain stem, showed no significant change in latency. This response demonstrates that the spinal cord and peripheral nerves are functioning normally in this ischemic model and that the delayed conduction seen in the primary cortical response is occurring centrally. It is possible that the abnormalities seen in the evoked response in ischemia are arising from cortex or deep gray-matter structures. The white matter is far more disturbed in terms of bioenergetic reserve than gray-matter structures, however, and it seems likely that the white matter is the site of the conduction delay.
It has been suggested that an increase in local tissue pressure due to the marked enlargement of the extracellular space in vasogenic edema causes significant white-matter ischemia, ea2a8 and that this is the cause of any neuronal or axonal dysfunction. Our finding that white-matter ischemia interferes with axonal conduction, whereas edema does not, casts doubt on this hypothesis and suggests that, in the absence of elevated ICP and cerebral herniation, this form of acute extracellular edema does not interfere with axonal or cortical function.
